Abstract : We present a nonlinear dynamical model for DNA thermal denaturation, which is based on the finite stacking enthalpies used in thermodynamical nearest-neighbour calculations. Within this model, the finiteness of stacking enthalpies is shown to be responsible for the sharpness of calculated melting curves. Transfer-integral and molecular dynamics calculations are performed to demonstrate that the proposed model leads to good agreement with known experimental results for both homogeneous and inhomogeneous DNA. (a)
advantage of using thermodynamic stacking energies is that the proposed microscopic model describes homogeneous and inhomogeneous DNA sequences on the same footing and with equal success, as will be shown by comparing experimental and calculated melting curves.
In the PB models [4, 5] , which have been used to unravel many aspects of melting [6, 11, 12] , DNA is described as a one-dimensional chain, where hydrogen bonds in base pairs 
where n y represents the transverse stretching of the hydrogen bond connecting the n th pair of bases. PB proposed the potential 
to describe stacking interactions [5] . They showed that the anharmonic model ( 0 > ρ ) leads to denaturation curves in much better agreement with experiment than the harmonic one ( 0 = ρ ). It also displays qualitatively different properties [5, 6, 11] , including a first-order phase transition [6] . The tentative explanation is that the variable backbone stiffness introduced by the additional term gives more cooperativity to the melting process. However, the interaction potential of Eq. (2) This is the first interaction potential we used and all the results presented below also hold for this potential (in particular, it leads to very sharp denaturation curves and to singularities in the temperature evolution of the specific heat and the entropy, which validates the conclusion drawn below that the finiteness of stacking interactions may be responsible for the sharpness of melting curves). However, we later modified it for two reasons. 
It is emphasized that the numerical value which will be assumed for b K is very small (2000 times smaller than PB's K parameter), so that the corresponding term keeps Table 1 of Ref. [10] shows that the amount of energy, which is released upon extending an existing helix by one additional base pair, varies between 0.347 eV and 0.465 eV, depending on the involved nucleotides (note that these quantities are for two base pairs). This indicates that the model of Eq. (3) is quite sensible and can straightforwardly be extended to describe inhomogeneous DNA, according to sequence, and an inhomogeneous sequence found in the litterature [13] . This figure displays the temperature evolution of the probability for the distance n n v u − to be larger than 15 Å (a threshold value of 7 Å leads to very similar plots). It is seen that the model of Eq. (4) successfully reproduces three principal properties of experimental denaturation curves, that is, (i) narrow transition temperature ranges, (ii) a gap slightly larger than 40 K between the melting temperatures of pure AT sequences and pure GC ones, and (iii) melting temperatures proportional to the GC percentage. Indeed, the sequence found in the litterature contains 61%
of GC bonds, which correlates well with the position of its melting curve.
Moreover, the model of Eq. (4) also reproduces the multi-step process, which is experimentally observed for DNA sequences of length ≈1000-10000 bp. This is most easily checked in Fig. 4 . The top plot of this figure displays, for increasing temperatures, the average value n y as a function of the site number n for a 1793 bp inhomogeneous sequence found in the litterature (NCBI entry code NM_001101). The profile at each temperature is averaged over hundred 10 ns MD simulations. The bottom plot of Fig. 4 shows, as a function of n, the AT percentage averaged over 40 consecutive base pairs of the same sequence. This percentage globally increases from n=1 to n=1793, with a minimum around n=150 and three local maxima around n=1300, n=1450 and n=1600. Examination of the top plot shows that melting correspondingly starts in narrow regions centred around these three later values, while the sequence abruptly melts for all n≥1100 at slightly higher temperatures. There is then a plateau of about 4 K before the lower end of the sequence abruptly melts around 330 K. Not surprisingly, the portion of the sequence which melts at the highest temperature is located around the AT percentage minimum at n=150. These melting domains are in excellent agreement with those obtained from statistical mechanics calculations (see Fig. 2 of Ref.
[14]).
Figs. 3 and 4 unambiguously show that, within the model of Eq. (4), the variation of stacking energies is sufficient to explain the variation of melting temperatures for different DNA sequences, while preceding studies based on the PB models relied instead on different parameters for the hydrogen bond Morse potentials and neglected the differences in stacking energies [11, 15] . Unfortunately, the Morse potential parameters appear to be more poorly determined than the stacking energies -in part because one Morse potential is expected to model the two or three different hydrogen bonds which connect two bases -, so that they vary widely from one study to the other [11, 15] . Nonetheless, it will certainly be interesting to take the difference in Morse potentials into account in Eq. At that point, it should be realized that, although the expressions for ( ) qualitatively agrees with experiment. The most important point, however, is that Fig. 6 suggests that there is no fundamental difference between the denaturation dynamics of relatively short and rather long sequences.
To summarize, we have shown that the finiteness of stacking interactions may be responsible for the sharpness of DNA denaturation curves. The proposed microscopic model, which explicitly uses the stacking enthalpies of thermodynamical calculations, leads to good agreement with known experimental results for both homogeneous and inhomogeneous DNA, and suggests, like the anharmonic PB model, that DNA melting is associated with a first-order phase transition. In future work, it will be interesting to investigate whether this kind of model can be adapted to describe thinner details of the rich DNA dynamics.
APPENDIX A : Transfer-Integral and Molecular Dynamics calculations.
The Transfer-Integral (TI) method consists in finding the eigenvalues k λ and eigenvectors k φ of the symmetric TI operator, which satisfy ( ) ( ) ( )
For a sequence of length N, the mean stretching of hydrogen bonds is then obtained as 
where n a stands for n y , n u or n v , γ is the dissipation coefficient (assumed value is γ=5 ns Step by step integration (10 fs steps) was performed by applying a second order BBK integrator [17] to the system initially at equilibrium at 0 K and subjected to a temperature ramp of 20 ns/K. This "slow" ramp insures that the average temperature of the system, calculated from its average kinetic energy, closely follows the temperature of the random kicks. Various statistical quantities, like the average energy H , the average bond length y , and the probability for the bond lengths to be larger than given thresholds, were averaged over 0.5 K temperature intervals, that is, 10 ns time intervals. 
